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The optical absorption spectrums of nanomotors made from double-wall carbon nanotubes have
been calculated with the time-dependent density functional based tight binding method. When the
outer short tube of the nanomotor moves along or rotates around the inner long tube, the peaks
in the spectrum will gradually evolve and may shift periodically, the amplitude of which can be
as large as hundreds of meV. We show that the features and behaviors of the optical absorption
spectrum could be used to monitor the mechanical motions of the double-wall carbon nanotube
based nanomotor.
I. INTRODUCTION
Manufacturing nanoelectromechanical systems
(NEMS) is one of the central tasks of modern nan-
otechnologies, which promises potential advantages
over classical devices with larger sizes.1 Nanomotor is
one typical and important NEMS which can convert
other forms of energy into mechanical energy.2 Several
technique schemes have been exploited to fabricate
nanomotors, and multi-wall carbon nanotubes are the
natural and competitive candidates due to their special
atomic structures.3–9 Considering a double-wall carbon
nanotube (DWCNT) based nanomotor, the two ends of
the inner long tube is fixed to two anchor pads, while
the outer short tube can move along and/or rotate
around the inner tube under the external driven electric
or thermal field. This tiny nanomotor can be used as
the key component to design nano devices for given
purposes. For example, a cargo can be constructed by
attaching a metal plate on the outer tube, which may
be used to deliver drugs for medical applications.6
In the past studies, the mechanical motion of DWCNT
based nanomotor is usually observed by the scanning
electron microscope (SEM) apparatus.3,4,6 Although the
SEM images can clearly determine the various configu-
rations of the nanomotor during the motion, it is hard
for SEM apparatus to continuously capture the transient
dynamics of the nanomotor, especially if the motion ve-
locity reaches the prediction value 108 µm/s as given by
molecular dynamics simulation.6 Therefore, alternative
methods are required to probe the mechanical motion of
the nanomotor. For example, Cai et al have proposed
to use the centrifugal effect to measure the high-speed
rotation of a thermal carbon nanomotor.10 Recently, Liu
et al have systematically developed the real-time opti-
cal imaging and broadband in situ spectroscopy, and
have studied the optical absorption spectrum of vari-
ous types of CNTs.11–13 Their experimental results re-
vealed that the interaction between two individual tubes
can significantly modify the optical transition energy in
DWCNTs.12 Their findings suggest that optical absorp-
tion spectrum can be helpful to identify the relative hand-
edness of DWCNTs, which is even indistinguishable by
the electron diffraction pattern.12 Therefore, it should
be practical to monitor the mechanical motion of the
nanomotor made from DWCNT by measuring the varia-
tion of the optical absorption spectrum.
In this paper, we study the optical absorp-
tion spectrum of the DWCNT based nanomotor
with the time-dependent density functional based
tight binding (TD-DFTB) method.14,15 The DFTB
method takes certain approximate strategies to im-
plement the density functional theory16,17 and has
been widely applied to study different physics prop-
erties of carbon nanostructures such as carbon
nanotube,18,19fullerence,14,20nanodiamond,21–25 etc. Be-
low, we will show the evolution of the optical absorp-
tion spectrum of nanomotors when the outer tube moves
along or rotates around the inner tube, which demon-
strates the possibility to identify the given configuration
of the nanomotor from its optical absorption spectrum
and monitor its mechanical motion.
II. STRUCTURE AND METHOD
The typical structure of a DWCNT nanomotor is
shown in Fig. 1, which consists of a long inner tube
and a short outer tube. (5,0) CNT is chosen as the
inner tube, and (10,0) or (11,0) CNT is chosen as the
outer tube in our calculations. The ends of both the
tubes are passivated by hydrogen atoms. The atomic po-
sitions of the two tubes are relaxed separately by the ge-
ometry optimization algorithm implemented in DFTB+
package26 before they are assembled together. The de-
formation effect of the two tubes has been neglected due
to the weakness of the Van der Waals interaction. For
a given nanomotor, its configuration is characterized by
the translation distance R along the axis direction and
the counterclockwise rotation angle Φ of the outer tube
in relative to the inner tube, as defined in Fig. 1.
The optical absorption spectrum for each configura-
tion is calculated with TD-DFTB method14,15. In this
approach, the ground state of the electronic structure is
first obtained by performing the self-consistent DFTB
calculation,16,17 which gives the corresponding Kohn-
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FIG. 1. (Color online) Atomistic structure of a DWCNT based nanomotor. The ends of the carbon nanotubes are passivated
by hydrogen atoms. (a) the translation distance R of the outer tube moving along the axis of the inner tube; (b) the
counterclockwise rotation angle Φ of the outer tube around the axis of the inner tube. Green : carbon atoms; blue : hydrogen
atoms.
Sham (KS) orbitals ψi and the KS energies i. Then
the optical spectrum ΩI is calculated from the Casida
equation27∑
klτ
[ω2ijδikδjlδδτ + 2
√
ωijKijσ,klτ
√
ωkl]F
I
klτ = Ω
2
IF
I
ijσ
(1)
where the coupling matrix Kijσ,klτ is
Kijσ,klτ =
∫ ∫
ψi(r)ψj(r)(
1
|r− r′| +
δ2Exc
δρσ(r)δρτ (r′)
)
× ψk(r′)ψl(r′)drdr′ (2)
and ωik = j − i. σ and τ denote the electron spin.
Besides, the absorption strength for singlet-singlet tran-
sition is given by
fI =
2
3
ΩI
∑
k=x,y,z
|
∑
ijσ
〈ψi|rk|ψj〉
√
ωij
ΩI
F Iijσ|2 (3)
This method has been successfully applied to study
the optical properties of various nanoscale systems
including fullerence,14silicon nanoclusters,28–31cadmium
sulfide32–34 and zinc selenide nanostructures,35 etc.
III. RESULTS AND DISCUSSION
First, we investigate the effect of the coupling interac-
tion between the two tubes in the nanomotor on the opti-
cal absorption spectrum. We consider a nanomotor made
from the (5,0)/(11,0) DWCNT as an example, where the
outer tube has one unit cell and the inner tube has five
unit cells. Calculation for longer tubes is more realis-
tic and is feasible by the TD-DFTB method in principle,
but is limited by our computation power. The optical
spectrum of ultrashort CNT will be seriously affected by
the quantum confinement effect.36 The configuration of
1.0 1.5 2.0 2.5 3.0
 
O
sc
illa
to
r S
tre
ng
th
 [a
rb
. u
ni
t]
Energy [eV]
 (5,0)/(11,0)
 (5,0)
 (11,0)
FIG. 2. (Color online) The optical absorption spectrum of
the nanomotor made from (5,0)/(11,0) DWCNT (black real
line), and the spectrums for the constituent inner long tube
(red dash line) and outer short tube (blue dot line). The
configuration of the nanomotor is set as R = 0 and Φ = 0.
The spectrums are broaden by Lorentz lineshape with width
0.02 eV.
the nanomotor is set as R = 0 A˚ and Φ = 0◦ in the cal-
culation. The (5,0) CNT has been found to be metallic
because of the σ−pi mixing induced by high curvature.37
Thus, a small gap about 47 meV is obtained for the inner
tube due to the quantum confinement effect. The results
shown in Fig. 2 suggest that the optical absorption spec-
trum of the nanomotor is not a simple summation of
the spectrums of the two constituent tubes, which im-
plies strong inter-tube interaction in this structure. It
is observed that much more peaks appear in the opti-
cal spectrum of the nanomotor in Fig. 2. This can be
understood from the lower symmetry of the nanomotor
due to inter-tube interaction, which breaks the original
selection rules for the quantum state transitions in in-
3dividual tubes and makes more state transitions to be
allowed. For comparison, we have also calculated the
spectrum for another nanomotor made from (5,0)/(16,0)
DWCNT with larger inter-tube separation and negligible
inter-tube interaction, which is just the summation of the
spectrums of the inner and outer tubes. Therefore, it is
possible to infer the configuration of the nanomotor from
its optical absorption spectrum only if there exists strong
enough inter-tuber interaction.
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FIG. 3. (Color online) (a)(b): the optical absorption spec-
trums of the nanomotor made from (5,0)/(11,0) DWCNT
when the outer tube moves along the inner tube. Here, the
rotation angle Φ is fixed as 0◦, and the translation distance
R varies from 0 A˚ to 8 A˚ with step length 0.25 A˚ (shown
from bottom to top). The spectrums are broaden by Lorentz
lineshape with width 0.02 eV. (c)(d): charge density distribu-
tions of the initial (red) and final (blue) state of the transition
corresponding to the first strong peak when R = 2 A˚ in (b),
and the isovalue is taken as 5× 10−4.
We further calculate the optical absorption spectrum
of the same nanomotor in Fig. 2 when translation dis-
tance R is increased from 0 A˚ to 8 A˚ with step length
0.25 A˚ and the rotation angle Φ is fixed as 0◦, and the
results are shown in Fig. 3(a) and (b). We find that the
evolution of spectrums in Fig. 3(a) lacks periodic pattern
in terms of R, which is caused by the breaking of transla-
tion symmetry of the inner tube with finite length. How-
ever, after carefully examining the finer structure of the
spectrums in the energy window [0, 0.6] eV, we find that
the first relatively strong peak shifts with the increas-
ing R in a periodic pattern approximately, as shown in
Fig. 3(b). The shift period is around 2 A˚, which is about
half of the lattice constant a with 4.26 A˚ for the (5,0)
CNT here. This phenomenon can be understood from
the fact that the crystal structure of the ideal (5,0) CNT
can be recovered by the joint operations of a2 -translation
and pi5 -rotation. If the details of the atomic structure
of the outer tube can be neglected, the a2 -period of the
peak shift will approximately hold. This periodic shift
is however destroyed for the optical absorption spectrum
in higher energy range, which implies the higher sensi-
tivity of the spectrum to the quantum confinement ef-
fect. Besides, we observe that the shift amplitude of
the first strong peak is as large as 150 meV, which can
be easily detected by the modern optical spectroscopy
technique.11–13 In Fig. 2 (c) and (d), we plot the charge
density distributions of the initial and final states for the
transition corresponding to the first strong peak when
R = 2 A˚ respectively. We find that the initial state is
distributed in the middle of the inner tube; while the
final state is located at the end of the inner tube and
is far from the outer tube. Thus, the observed periodic
shift of the peak here is caused by the modulation of the
wavefunction of the initial state by the position of the
outer tube, which in turn can be used to monitor the
translational motion of the nanomotor.
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FIG. 4. (Color online) (a)(b): the optical absorption spec-
trums of the nanomotor made from (5,0)/(10,0) DWCNT
when the outer tube rotates around the inner tube coun-
terclockwise. Here, the translation distance R is fixed as
8.53 A˚, and the rotation angle varies from 0◦ to 18◦ with
step length 0.5◦ (shown from bottom to top). The spectrums
are broaden by Lorentz lineshape with width 0.02 eV. (c)(d):
charge density distributions of the initial (red) and final (blue)
state of the transition corresponding to the strong peak when
Φ = 2◦ in (b), and the isovalue is taken as 5× 10−4.
Lastly, we study the evolution of the optical absorption
spectrum of the nanomotor when the outer tube rotates
around the inner tube counterclockwise. The nanomotor
used here is made from (5,0)/(10,0) DWCNT, with one
unit cell for the outer tube and five unit cells for the inner
tube. The structure of this nanomotor has five-fold rota-
tion symmetry around the axis, and the outer tube itself
has ten-fold rotation symmetry. Therefore, the structure
and optical absorption spectrum will repeat with the pe-
riod 36◦ when the outer tube continuously rotates around
the inner tube. Besides, the configurations to be calcu-
lated can be reduced to the range Φ ∈ [0◦, 18◦], if we
further consider the reflection operation of the nanomo-
tor over one plane passing through the tube axis and
Φ = 0◦. In Fig. 4 (a) and (b), we show the calculated
optical absorption spectrum of the nanomotor in differ-
ent energy range when the rotation angle Φ is increased
from 0◦ to 18◦ with step length 0.5◦ and the translation
4distance R is fixed as 8.53 A˚. In contrast to the case of
translational motion, we find that most peaks in the spec-
trum evolve smoothly and regularly during the rotational
motion of the nanomotor(Fig. 4(a)), which implies less
importance of quantum confinement effect here. Besides,
some peaks appear in the spectrum and then shift dur-
ing the rotational motion of the nanomotor. As shown in
Fig. 4(b), a peak located above 0.3 eV gradually appears
and its intensity becomes stronger and stronger when Φ
varies from 0◦ to 18◦, accompanying with the monotonic
blueshift of its energy. The amplitude of the blueshift of
the peak is as large as 200 meV, which can also be eas-
ily detected experimentally.11–13 We also notice that the
shift of the peak becomes slow when the rotation angle
Φ approaches 18◦, where the distances between the car-
bon atoms in the outer and inner tubes become relatively
larger and their interaction becomes smaller. Besides, we
plot the charge density distributions of the initial and fi-
nal states of the corresponding transition when Φ = 2◦
in Fig. 4 (c) and (d) respectively. We see that the ini-
tial state is distributed over one half of the nanomotor
structure; while the final state is almost located at the
touching region of the inner and outer tubes, which can
be modulated by the rotation of the outer tube. There-
fore, our calculation results here confirm that it is also
possible to monitor the rotation motion of the nanomotor
by detecting its optical absorption spectrum.
IV. CONCLUSIONS
In conclusion, we have calculated the optical absorp-
tion spectrum of the nanomotor made from the double-
wall carbon nanotube with the time-dependent density
functional based tight binding method. The calculation
results suggest that the spectrum depends sensitively on
the configuration of the nanomotor when there exists
strong enough interaction between the inner and outer
tubes. When the outer tube moves along the inner tube,
there exists one peak the energy of which shifts with
an approximate period in the spectrum, while the other
peaks don’t shift periodically due to the quantum con-
finement effect of the ultrashort inner tube. When the
outer tube rotates around the inner tube, most of the
peaks in the spectrum shift smoothly and regularly. The
shift amplitudes of the peaks in the spectrum are found
to several hundred meV, which are easily detected by
modern optical spectroscopy techniques.11–13 Our studies
here demonstrate the possibility to monitor the mechan-
ical motion of the double-wall carbon nanotube based
nanomotor from the evolution of its optical absorption
spectrum, which may have potential applications in de-
signing, fabricating, and utilizing nanoelectromechanical
devices.
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